Introduction {#sec1}
============

During the early development of eutherian mammals, the fertilized oocyte undergoes cell divisions and cavitation to form a blastocyst \[[@bib1],[@bib2]\]. When the fluid-filled blastocoel cavity forms, blastomeres segregate between the inner cell mass (ICM) and trophectoderm (TE), which in turn give rise to the first three lineages: the embryonic epiblast, the extraembryonic hypoblast, and the trophoblast \[[@bib3]\]. The blastocyst expands and hatches out of the zona pellucida. Like the embryos of most Artiodactyla, hatched bovine blastocysts undergo the elongation process which results from TE development. The morphological transition from ovoid to tubular conceptus occurs concomitantly with the onset of gastrulation. The ICM grows and differentiates to an embryonic disk, through an epithelization step resumed likely by the following sequence: ICM, germ disk, epiblast \[[@bib4]--[@bib9]\]. In cattle, all these events take place before implantation, during the first 2 weeks after fertilization.

Apoptotic activity is a common feature in the preimplantation embryo of many mammals \[[@bib10]--[@bib12]\]. Apoptosis appears spontaneously during the embryonic genome activation (EGA) period and peaks at the blastocyst stage. Embryonic apoptosis is thought to indicate a normal, developmentally controlled, elimination of cells. In cattle, spontaneous apoptosis is observed from the 8--16 cell stage. A wave of embryonic cell death occurs during development of the nonexpanded to the hatched blastocyst, and mainly concerns the ICM \[[@bib13]--[@bib16]\]. The degree of ICM cell death varies considerably between embryos, whether they are produced in vivo or in vitro*.* Several studies have reported the influence of the environment during early development on the degree of embryo apoptosis \[[@bib16]--[@bib20]\]. Alterations to the oocyte microenvironment, specifically during the periconceptional period, may be reflected by subsequent blastocyst characteristics in terms of blastomere number, caspase-3 activation, DNA fragmentation, and apoptosis-linked gene expression including BCL-2 and BAX, an anti- and a pro-apoptotic member of the BCL-2 family, respectively. The prognostic significance of the incidence of ICM cell death to the developmental potential of the blastocyst remains unclear, mainly due to the lack of studies beyond the blastocyst stage \[[@bib13],[@bib15]\].

In cattle, the greatest bovine embryo losses occur during the first 2 weeks following fertilization \[[@bib21],[@bib22]\]. The quality of the preovulatory follicle has been identified as being one of the major reasons for pregnancy losses at the start of pregnancy \[[@bib22],[@bib23]\]. The developmental potential of the oocyte has been shown to be reflected in cumulus gene expression \[[@bib24],[@bib25]\]. Higher prostaglandin G/H synthase-2 (PTGS2) expression in the human periconceptional cumulus is correlated with oocytes that develop into higher quality embryos \[[@bib26]\]. Prostaglandin E2 (PGE2) is the predominant PTGS2-derived prostaglandin found in the microenvironment of periconceptional oocytes in several mammalian species \[[@bib27]--[@bib29]\]. In response to the gonadotropin surge, the somatic compartment of the preovulatory follicle, and particularly the cumulus cells (CC) that are closely associated with the oocyte to form the cumulus--oocyte complex (COC), produce PGE2, an arachidonic acid-derived lipid mediator. In vivo, the PGE2 concentration in follicular fluid reaches 0.1--1 μM just before ovulation \[[@bib29]\]. Follicular PGE2 synthesis results from the sequential action of PTGS2, the inducible PTGS isoform, and specific PGE synthases \[[@bib30],[@bib31]\]. The cellular effects of PGE2 are mediated through a family of G-protein-coupled receptors designated as PTGER 1 to 4 \[[@bib32]\]. In cattle, PTGER2, PTGER3, and PTGER4 are expressed in CC, whereas PTGER2 is the only PGE2 receptor subtype expressed in the oocyte \[[@bib33]\]. Cumulus PTGS2 expression and associated PGE2 production are critical for successful cumulus expansion and oocyte maturation processes \[[@bib34]\]. Previous in vitro studies performed in our laboratory had shown that the PGE2 produced by CCs enhances mitogen-activated protein kinase activity in maturing oocytes and promotes meiosis progression in cattle \[[@bib33]\]. As well as its role in the terminal differentiation of the COC, the PTGS2/PGE2 pathway affects preimplantation embryonic development. We have previously shown that the pharmacological inhibition of PTGS2 activity achieved by exposing COCs to 8 μM NS-398 during the in vitro maturation/fertilization (IVM/IVF) period slowed down the cell cycle kinetic throughout in vitro development (IVD) and produced embryos with reduced numbers of cells at the time of blastocoelic cavity formation \[[@bib33]\]. The involvement of PTGS2-related PGE2 was shown to restore normal IVD through 1 μM PGE2 supplementation during NS-398-treated IVM and IVF.

Numerous studies in cancer research have reported that the upregulation of PTGS2 expression and associated PGE2 production exert direct anti-apoptotic effects through PTGER2 \[[@bib35],[@bib36]\]. While the role of PTGS2-derived PGE2 in promoting cancer cell survival is acknowledged, its involvement in the regulation of physiological apoptosis during early development remains so far unexplored. In the present work, we investigated whether PGE2 present in the oocyte microenvironment during the periconceptional period impacted (i) spontaneous apoptotic activity occurring at the blastocyste stage and (ii) subsequent posthatching development, which has been undetermined so far. We used our well-established in vitro model of maturation (IVM), fertilization (IVF), and embryonic development (IVD) in cattle to investigate the effects of different periconceptional PGE2 environments on embryonic cell death. The MIV/FIV culture media were supplemented with NS-398, a specific inhibitor of PTGS2 activity, and/or with exogenous PGE2. Embryo apoptosis was assessed by counting total blastomere numbers, analyzing extensive oligonucleosomal DNA fragmentation using terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) and active caspase-3 localization, and finally by quantifying the gene expression ratio for apoptosis regulator (BCL-2/BAX). In addition, after transfer to recipient uteri and collection at day 15 of pregnancy, as previously reported \[[@bib37]--[@bib39]\], the in vivo posthatching development of blastocysts produced differentially in vitro was evaluated using morphometric analyses.

Materials and methods {#sec2}
=====================

Animals {#sec2-1}
-------

Animals were managed in accordance with the European Community Directive 2010/63/UE and under the license of the French Institute of Agricultural Research (INRA-UCEA). The experiments were performed at the same National Institute of Agricultural Research (INRA) experimental farm (registered under N°FRTB910 in the national registry for experimental farms) for various experimental protocols. The staff in charge of animal treatments and embryo collection possessed the regulatory level 1 and level 2 authorizations from the French veterinary services. All protocols were approved by the local Animal Care and Use Committee and, for the later collection periods, by the local Ethics Committee (Registered as N_12/070 in the National Ethics Committee registry). The authorizations allowing in vitro embryo production and embryo transfer were granted by the French Veterinary Services (N°FRPB780, FRBP940, and 91--536). All recipients (n = 28) were Holstein heifers (age, 1.62 ± 0.13 years). The animals were housed in the same building and fed the same diet (grass silage, hay, straw, concentrates). Their average growth was 0.360 kg ± 0.260 per day over the experimental period, with a body condition score ranging from 2.75 to 3.25 on a 1 to 5 scale \[[@bib40]\]. Oestrus was detected regularly and recorded five times daily by experienced herdsmen. All the animals used were cycling before the start of the protocol.

Embryo production {#sec2-2}
-----------------

Bovine ovaries were collected at the slaughterhouse, and COCs were aspirated from 3 to 6 mm antral follicles. Only oocytes surrounded by more than three compact layers of CCs were selected. Following three washes in HEPES-buffered M199 (Sigma), groups of up to 50 immature COCs were transferred to four-well plates (Nunc, Roskilde, Denmark) containing 500 μl of a defined maturation medium consisting of TCM199 (Sigma, Saint-Quentin Fallavier, France) supplemented with 10 ng/ml epidermal growth factor (mouse EGF, Sigma) and 4 mg/ml bovine serum albumin (BSA) at 38.5°C in a water-saturated atmosphere under 5% carbon dioxide. After a 22 h culture period, the COCs underwent IVF as previously described \[[@bib41]\]. Depending on the experiment and as previously described \[[@bib33]\], 8 μM NS-398 (Cayman Chemicals), a selective PTGS2 inhibitor, used alone or supplemented with 1 μM PGE2 (Cayman Chemicals), or 0.1, 1, 10 μM PGE2 alone, was added to the maturation and fertilization medium. NS-398 and PGE2 were dissolved in DMSO (D-4540, Sigma). Stock solutions of NS-398 (8 mM) and PGE2 (0.1, 1, 10 mM) were prepared and stored at --20°C until use. On the day of the experiment, each stock solution was further diluted by 1:1000 in the culture medium to reach the desired concentrations. The final concentration of DMSO (0.5%, v/v) in the culture medium was the same in all treatment groups. An additional group, containing the same volume of DMSO only, was included in each experiment as a control. After IVF, presumptive zygotes were denuded and transferred into 50 μl droplets (under paraffin oil) of modified synthetic oviduct fluid \[[@bib42]\] supplemented with 6 mg/ml BSA and 10 mM glycin. The embryos were cultured for 7 or 8 days at 38.5°C in a water-saturated atmosphere under 5% CO~2~/5% O~2~/90% N~2~. The rate of blastocyst development was determined at the end of culture. The day of fertilization was considered as day 0. At day 1 postfertilization (1 dpf), noncleaved (single-cell) oocytes were separated from those that had cleaved. At 4 dpf, the embryos were transferred into fresh medium. For the embryonic apoptosis experiment, embryos were harvested after 8 days of DIV culture, corresponding to the wave of spontaneous ICM cell death. The 8 dpf embryos collected were either stored at --80°C until RT-PCR analysis or fixed for 1 h at 4°C in 2.5% (w/v) paraformaldehyde (Sigma) in PBS, transferred to PBS, and stored at 4°C until the TUNEL assay and active caspase-3 immunohistochemistry. For the posthatching development experiment, embryos recovered after 7 days of DIV culture were graded on the basis of their morphological appearance, according to the Manual of the International Embryo Transfer Society. Only grade-I day 7 postfertilization blastocysts and expanded blastocysts were selected for transfer. The embryos were transferred nonsurgically to the uterine horn ipsilateral to the corpus luteum of previously synchronized recipients, 7 days after oestrus and according to the protocol previously described \[[@bib38]\]. Seven to ten embryos were transferred to each recipient animal. Four recipient animals, one per IVM/IVF treatment (control, 8 μM NS-398 alone, 8 μM NS-398+ 1 μM PGE2, 1 μM PGE2 alone), were used for each embryo transfer session. These embryo transfer sessions were repeated in order to collect a minimum of 10 to 15 day 15 embryos per IVM/IVF treatment. Each heifer was used only once to minimize the impact of the maternal environment on posthatching development data. The collection of day 15 embryos was performed transcervically according to the protocol used routinely in our laboratory \[[@bib37]\]. Each day 15 conceptus recovered was characterized morphologically under a stereomicroscope in terms of total length and embryonic disk/epiblast features (presence or absence, round, elliptic, long axis parallel or not to the elongation axis of the conceptus). The length of conceptuses was only recorded for those with intact ends. Each embryonic disk was photographed under a stereomicroscope coupled to an Axiocam ICC1 camera (Zeiss) and its area was assessed using the open-source software ImageJ (<http://rsbweb.nih.gov/ij/>).

Analysis of BCL-2/BAX expression in 8 dpf embryos using real-time qRT-PCR {#sec2-3}
-------------------------------------------------------------------------

Reverse transcription and real-time PCR quantifications were performed as previously described \[[@bib33]\]. For each IVM/IVF treatment, three pools of ten 8 dpf embryos were analyzed. Briefly, total RNA was extracted using the PicoPure RNA isolation kit (MDS Analytical Technologies, Plaisir, France), in accordance with the manufacturer\'s protocol and as previously reported \[[@bib43]\]. First-strand cDNA synthesis was carried out from total RNA using an oligo-dT primer and Super Script II reverse transcriptase (Invitrogen, Life Technologies). The mRNA amplifications were performed using the SYBR green Master Mix (Applied Biosystems). All reactions used a quantity of cDNA equivalent to 0.25 embryo, 0.3 μM of each primer, and an annealing temperature of 60°C. The primer sequences (Table [1](#tbl1){ref-type="table"}) were obtained from the literature \[[@bib44]\]. The expression of BCL2 and BAX mRNA was determined in each sample during independent assays. PCR reactions were set up in duplicate. The median value of PCR duplicates was considered and then expressed as the BCL-2/BAX ratio for each sample. The data are presented as means ± SD of three replicates.

###### 

Primer pairs used for real-time qRT-PCR.

  Gene   Accession no.   Sequence                     Product size (bp)   Reference
  ------ --------------- ---------------------------- ------------------- --------------
  BCL2   NM_001166486    5΄-TCGTGGCCTTCTTTGAGTTC-3΄   109                 \[[@bib44]\]
                         5΄-CGGTTCAGGTACTCGGTCAT-3΄                       
  BAX    NM_173894.1     5΄-CTCCCCGAGAGGTCTTTTTC-3΄   176                 \[[@bib44]\]
                         5΄-TCGAAGGAAGTCCAATGTCC-3΄                       

TUNEL assay, active caspase-3 immunohistochemistry, and apotome microscopy {#sec2-4}
--------------------------------------------------------------------------

Nuclei with degraded DNA were detected by means of a technique based on the TUNEL principle \[[@bib45]\] using fluorescein-conjugated dUTP, as described elsewhere with some minor modifications \[[@bib17]\]. Three replicates of five to ten 8 dpf embryos per IVM/IVF treatment were permeabilized for 1 h in PBS with 0.5% (v/v) Triton X-100 (Sigma) and washed twice in PBS. As positive controls, some embryos were incubated in 50 units DNase/ml PBS (RQ1; Promega) for 30 min at 37°C and then washed twice in PBS. Embryos were incubated in 10 μl terminal deoxynucleotidyl transferase and 90 μl fluorescein-conjugated dUTP (TUNEL, In situ Cell Death Detection Kit, Roche) for 60 min in the dark. The embryos were washed once in 2X standard saline citrate buffer and then in PBS. The chromatin was stained with DAPI (diluted 1:1000 in PBS). In order to confirm the location of apoptotic activity assessed by TUNEL, five 8 dpf blastocysts per IVM/IVF treatment were submitted to the immunohistochemistry detection of active caspase-3, a downstream effector molecule in the DNA-degrading process, as described elsewhere with some minor modifications \[[@bib16]\]. Briefly, permeabilized embryos were blocked in 0.01% PBS/triton X-100 (v/v) containing 2% (w/v) BSA for 1 h at 37°C, and then incubated overnight with a primary anti-active-caspase-3 antibody (D-175, polyclonal rabbit antibody; Cell Signaling Technology). After several washes, the embryos were incubated with a fluorescein isothiocyanate-conjugated antibody (711-165-152, donkey-anti-rabbit IgG antibody; Jackson ImmunoResearch; Interchim; see supplemntary antibody table). The primary and secondary antibodies were used at a dilution of 1:200. Omission of the primary antibody was used as negative control. The chromatin was then counterstained with DAPI (diluted 1:1000 in PBS). The embryos were mounted on slides with citifluor (Biovalley), and then observed using an inverted ZEISS AxioObserver Z1 microscope equipped with an ApoTome slider, a Colibri light source, and an Axiocam MRm camera controlled by Axiovision software (version 4.6) (MIMA2 imaging platform, INRA, Jouy-en-Josas, France). The total number of cells per embryo was estimated using ImageJ software (<http://rsbweb.nih.gov/ij/>), as routinely performed in our laboratory \[[@bib33]\]. The method used to quantify TUNEL is summarized in Figure [2](#fig2){ref-type="fig"}A. Series of images were acquired with optical sections in z every 2 μm for both the DAPI and TUNEL signals. Using ImageJ software (<http://rsbweb.nih.gov/ij/>), the area of the ICM was outlined manually on the image stack of the blastocyst, thus determining the region of interest (ROI) for each embryo. The ROI was then reproduced on each of the TUNEL and DAPI binary images of the ICM in order to determine the total integrative density for each signal. A constant arbitrary threshold value for each signal was used to create binary images. Finally, the total TUNEL fluorescence intensity was divided by the total DAPI signal to calculate normalized TUNEL levels. Three-dimensional (3D) projections of DAPI/TUNEL and DAPI/active caspase-3 labeling were reconstructed using IMARIS 8.3.1 software (Bitplane, Switzerland).

Statistical analysis {#sec2-5}
--------------------

The Kolmogorov--Smirnov test was used to test the difference in the frequency distributions of the number of cells in 8 dpf blastocysts in relation to the IVM/IVF culture conditions. The distribution of 8 dpf blastocysts with more or less than 243 cells was then analyzed for the dose effects of PGE2 using a Kruskal--Wallis rank-sum test. Analysis of variance using general linear model was performed to test differences in embryo development, TUNEL signals, and the BCL-2/BAX mRNA expression ratio in relation to IVM/IVF culture conditions. Differences in the numbers of day 15 conceptuses displaying or not a round, an elliptic epiblast, nonaxial, or axial were analyzed using the Fisher exact test. Differences in disk area and conceptus length were analyzed using the Mann--Whitney *U*-test. Significant differences were defined as *P* \< *0.05*. Analyses were performed using Systat 11 software (Systat Software).

Results {#sec3}
=======

In vitro fertilization and blastocyst rates {#sec3-1}
-------------------------------------------

As shown in Table [2](#tbl2){ref-type="table"}, no differences in cleavage rates were evidenced when 0.1, 1, or 10 μM of PGE2 was added to the IVM/IVF culture media. In addition, the proportion of embryos developing until the blastocyst stage after the 8-day DIV culture period was similar in all treatment groups. No significant differences were found between the replicated experiments.

###### 

In vitro development of bovine embryos derived from oocytes matured and fertilized in the presence of increasing doses of PGE2.

  IVM/IVF                      
  --------- ----- ------------ -----------
  0         233   184 (78.9)   49 (26.6)
  0.1       255   207 (81.2)   41 (19.8)
  1         249   193 (77.5)   43 (22.3)
  10        268   196 (73.1)   43 (21.9)

\*Proportion of blastocysts relative to the total number of cleaved oocytes.

Cell numbers in blastocysts {#sec3-2}
---------------------------

A total of sixty-nine 8 dpf blastocysts were analyzed (15, 15, 24, and 15 for controls, 0.1, 1, and 10 μM PGE2 IVM/IVF treatment groups, respectively). Differences between the control and PGE2-treated IVM/IVF groups were found with respect to the number of cells in 8 dpf blastocysts. The number of blastomeres ranged from 113 to 243 (mean 179 ± 44) and from 80 to 430 (mean 212 ± 86) in embryos derived from the control and PGE2-treated (0.1, 1, and 10 μM PGE2 taken together) MIV/FIV groups, respectively. The PGE2 supplementation of IVM/IVF cultures significantly increased the proportion of derived 8 dpf blastocysts containing more than 243 blastomeres which was the maximum cell number assessed in the control group (*P* \< 0.05; Figure [1](#fig1){ref-type="fig"}A and B). The proportions of blastocysts containing more than 243 cells reached 46.7%, 33.3%, and 40% in embryo cultures derived from the IVM/IVF groups supplemented with 0.1, 1, and 10 μM PGE2, respectively. No dose-dependent effects were observed.

![Assessment of total cell numbers in bovine day 8 postfertilization blastocysts. Cumulative frequency distribution of the number of cells in blastocysts derived from the control (red line) and PGE2-treated MIV/FIV (0.1, 1. 10 μM PGE2 all together, blue line) groups (*P* \< *0.05*) (**A**). Distribution of day 8 postfertilization blastocysts derived from IVM/IVF cultures supplemented with increasing doses of PGE2, 243 cells being the maximum blastomere number counted in control embryos (*P* \< *0.05*) (**B**).](bio145367fig1){#fig1}

Apoptotic indices in blastocysts {#sec3-3}
--------------------------------

The in situ detection of DNA fragmentation generated during the apoptotic process was performed using the TUNEL reaction. All sixty-nine 8 dpf blastocysts analyzed with fluorescent microscopy exhibited TUNEL. The ICM always displayed a TUNEL signal whereas TUNEL-labeled trophoblastic cells were only exceptionally observed (Figures [2](#fig2){ref-type="fig"}B and [3](#fig3){ref-type="fig"}A). The level of TUNEL signal quantified in the ICM was significantly reduced by the addition to IVM/IVF cultures of 0.1, 1, 10 μM PGE2, in a dose-dependent manner (*P* \< 0.05; Figure [2](#fig2){ref-type="fig"}C). No significant differences were found between the replicated experiments. The in situ detection of active caspase-3, a downstream effector molecule in the DNA-degrading process, was performed using an immunohistochemical procedure. As for the TUNEL signal, active caspase-3 staining was always displayed by the ICM whereas the trophoblast only displayed some sparse positive cells (Figure [3](#fig3){ref-type="fig"}B). The transcript abundance of two selected apoptosis-related genes, anti-apoptotic factor BCL-2 and pro-apoptotic factor BAX, was also assessed. The inhibition of PTGS2 using 8 μM NS-398 during the IVM/IVF period significantly decreased the ratio of BCL-2/BAX mRNA expression in 8 dpf blastocysts (*P* \< 0.05; Figure [4](#fig4){ref-type="fig"}). The addition of 1 μM PGE2 to NS-398-treated IVM/IVF cultures restored a ratio that was comparable to that evaluated in the control group. The supplementation of IVM/IVF media with 1 μM PGE2 alone led to a ratio of BCL-2 to BAX mRNA expression that was significantly higher than that observed in embryos derived from the control group (*P* \< 0.05; Figure [4](#fig4){ref-type="fig"}). No significant differences were found between the replicated experiments.

![Quantification of TUNEL signals in the ICM of day 8 postfertilization bovine blastocysts derived from IVM/IVF cultures supplemented with increasing doses of PGE2. Schematic representation of the TUNEL quantification method (**A**). Photomicrograph shows a representative image stack of TUNEL (green) observed in a blastocyst (**B**). The ICM is outlined in blue. The chromatin is counterstained with DAPI (presented in red to contrast with the TUNEL). An asterisk (white) designates a TUNEL-positive trophoblastic cell (bar = 50 μm). Quantitative analysis of TUNEL signals detected in the ICM (**C**). Values are presented as the mean ± SEM of three independent experiments. Bars with different letters are significantly different *(P* \< *0.05)*.](bio145367fig2){#fig2}

![Three-dimensional reconstruction of TUNEL (**A**) and active caspase-3 (**B**) labeling (green) observed in day 8 postfertilization bovine blastocysts. The chromatin is counterstained with DAPI (presented in red to contrast with TUNEL and active caspase-3 labeling). Note that the both types of labeling are mainly located in the ICM of the blastocyst. An asterisk (white) designates a positive trophoblastic cell (bar = 50 μm).](bio145367fig3){#fig3}

![Quantitative analysis of the mRNA expression of apoptosis-related genes. Comparison of the BCL-2/BAX ratio in 8 dpf bovine blastocysts derived from IVM/IVF cultures supplemented or not with NS-398 and PGE2. Data are presented as the mean ± SD of three replicates. Bars with different letters depict significant statistical differences (*P* \< 0.05).](bio145367fig4){#fig4}

Morphometry of day 15 conceptuses {#sec3-4}
---------------------------------

In order to evaluate the in vivo development of blastocysts produced using different IVM/IVF treatments, seven sessions of 7 dpf blastocyst transfer into hormonally synchronized recipients were completed. A total of 78 day 15 conceptuses were recovered after flushing uterine horns 7 days later (30, 14, 20, and 14 among controls, with 8 μM NS-398 alone, with 8 μM NS-398+1 μM PGE2, and with 1 μM PGE2 alone in the IVM/IVF treatment groups, respectively). Among these, 62 conceptuses displayed intact ends (29, 10, 10, and 13 for controls, 8 μM NS-398 alone, 8 μM NS-398+1 μM PGE2, and 1 μM PGE2 alone in the IVM/IVF treatment groups, respectively) and 71 conceptuses displayed an embryonic disk (28, 12, 18, and 13 for controls, 8 μM NS-398 alone, 8 μM NS-398+1 μM PGE2, and 1 μM PGE2 alone IVM/IVF treatment groups, respectively). The IVM/IVF treatments led to a considerable disparity in the morphology of day 15 conceptuses regarding both the embryonic disk and extra-embryonic tissues (EET). The treatment of IVM/IVF cultures with 8 μM NS-398 significantly decreased the length of day 15 conceptuses (*P* = 0.02; Figure [5](#fig5){ref-type="fig"}). The addition of 1 μM PGE2 to NS-398-treated cultures restored a median length similar to that measured in the control group (*P* = 0.49). Conceptus length increased significantly when 1 μM PGE2 alone was added to the IVM/IVF culture medium (*P* = 0.001). While the proportion of conceptuses with an embryonic disk was similar in all IVM/IVF treatment groups (93.3%, 85.8%, 90%, and 92.9%, respectively), marked differences in epiblast morphology were observed (Figure [6](#fig6){ref-type="fig"}). Among the conceptuses generated under control IVM/IVF conditions, 64% displayed an elliptic epiblast. This proportion tended to decrease under PTGS2 inhibition using 8 μM NS-398 (33%, *P* = 0.07), whereas it reached a value comparable to that was observed under control conditions when NS-398-treated cultures were supplemented with 1 μM PGE2 (55%, *P* = 0.76). The addition of 1 μM PGE2 alone to MIV/FIV cultures led to 100% of retrieved conceptuses having an elliptic epiblast (*P* = 0.01). Moreover, all of them displayed an axial orientation, whereas the elliptic epiblasts of conceptuses derived from the other IVM/IVF treatment groups (control, 8 μM NS-398 supplemented or not with 1 μM PGE2) were shared between axial and nonaxial positioning. IVM/IVF treatment had no impact on the disk area associated with round or elliptic epiblast morphology (Figure [7](#fig7){ref-type="fig"}). Overall, the disk area increased twofold during transition from a round to an elliptic shape (*P* \< 0.0001; Figure [8](#fig8){ref-type="fig"}).

![Length of bovine day 15 conceptuses derived from IVM/IVF cultures supplemented or not with NS-398 and PGE2. The box plots show median values (thick black bars), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers). A significant difference is indicated by \* (*P* \< 0.05) and \*\* (*P* \< 0.0005).](bio145367fig5){#fig5}

![Embryonic disk morphology of bovine day 15 conceptuses derived from IVM/IVF cultures supplemented or not with NS-398 and PGE2. Type of embryonic disks according to their shape in the dorsal view categorized as round (red), nonaxial elliptic (light blue), and axial elliptic (deep blue) (**A**). The long axis of the elliptic epiblast gradually rotates (gray solid arrow) to become parallel to the elongation axis of the conceptus (black dotted arrow). Distribution of embryonic disks as a function of IVM/IVF culture conditions (**B**).](bio145367fig6){#fig6}

![Quantification of disk area in bovine day 15 conceptuses derived from IVM/IVF cultures supplemented or not with NS-398 and PGE2. Epiblasts are classified according to the round (**A**) or elliptic (**B**) shape from a dorsal view and the IVM/IVF culture conditions. The box plots show median values (thick black bars), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers). Note the absence of a significant difference between the IVM/IVF treatment groups.](bio145367fig7){#fig7}

![Quantification of disk area in all bovine conceptuses collected at day 15 after the transfer to recipients of in vitro produced day 7 blastocysts. Epiblasts are divided into round (**A**) or elliptic shape from a dorsal view (**B**) (bar = 200 μm). The box plots show median values (thick black bars), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers) (**C**). A significant difference is indicated by \*\*\* (*P* \< 0.0001).](bio145367fig8){#fig8}

Discussion {#sec4}
==========

We had previously shown that PGE2 arising from upregulated PTGS2 activity in periconceptional CCs stimulates cell cycle progression during IVM and embryonic development up to blastulation in cattle \[[@bib33]\]. The aim of the current study was to gain a further insight into the delayed effects of periconceptional PGE2 signaling on preimplantation embryonic development. We have now shown for the first time that the presence of PGE2 in the oocyte microenvironment exerts an inhibitory effect on the spontaneous cell death that occurs in embryonic cells at the blastocyst stage. Furthermore, our results indicate that this reduction in embryonic apoptosis is associated with more advanced stages of posthatching development at the levels of both the embryonic disk and EET 2 weeks after fertilization.

We had previously reported that the inhibition of cumulus PGE2 production by adding 8 μM NS-398 to MIV/FIV culture media slowed down the kinetics of initial embryonic cleavages and reduced overall blastomere numbers at the blastocyst stage in cattle \[[@bib33]\]. In this study and using the same bovine model, we have shown that PGE2 supplementation during IVM and IVF led to a significant increase in total cell numbers per embryo from 0.1 μM PGE2, without changing the ability of derived zygotes in culture to reach the blastocyst stage at day 8 postfertilization. Overall, our data have clearly highlighted a relationship between the level of PGE2 present in the periconceptional microenvironment of the oocyte and the number of blastomeres present in the embryo at blastulation. As apoptosis represents a well-known physiological means of controlling embryonic cell populations, we examined whether periconceptional PGE2 could affect cell death that culminates in an embryo at the blastocyst stage during preimplantation development. Our results show that the highest levels of periconceptional PGE2 led to weaker apoptotic activities in blastocysts, as assessed by quantifying TUNEL signals and from the ratio of BCL-2 and BAX gene expression. Furthermore,

the significant increase in the incidence of embryonic apoptosis induced by periconceptional PTGS2 inhibition using 8 μM NS-398, and its return to a control level achieved by the 1 μM PGE2 supplementation of NS-398-treated IVM and IVF, provided evidence that cumulus PTGS2 activity promotes embryonic cell survival during preimplantation development, and this effect is mainly mediated by PGE2. Taken together, our previous and recent findings have both demonstrated that periconceptional PTGS2-related PGE2 is involved in the control of embryonic cell populations during early development via the regulation of cell cycle kinetics as well as apoptotic activity.

The ability of PTGS2-derived PGE2 to promote cell proliferation and survival is a hallmark of various cancers \[[@bib35],[@bib36],[@bib46],[@bib47]\]. PGE2 is produced either in the tumor microenvironment or by the tumor cells themselves \[[@bib35],[@bib48]\]. PGE2 exerts its effects at or near its site of secretion in an autocrine or paracrine manner, by activating specific receptors classified as PTGER1 to PTGER4. We have previously shown that bovine oocytes express PTGER2 and may be a direct target for the PGE2 produced by neighboring CCs \[[@bib33]\]. Other prostaglandins related to PTGS2 activity may regulate cell proliferation and survival \[[@bib49]\]. PGI2, released by trophoblastic cells during the peri-implantation period, has been shown to reduce apoptotic activity in mouse blastocyst \[[@bib50]\]. However, the lasting effects of transient PGE2 impregnation in cell protecting from apoptosis have never previously been reported. Certain features of early embryonic development enabled us to refine the anti-apoptotic effect of PGE2. Gene expression does not occur during the first cleavage cycles in mammalian embryos. Early development is mainly dependent on maternal transcripts and proteins stored in the oocyte during oogenesis \[[@bib51]\]. Embryonic transcription is gradually established while stores of maternal products diminish. In cattle, the EGA becomes effective as from the 8- to 16-cell stage \[[@bib52]\]. Apoptotic cell death requires the de novo transcription of BAX and other proteins, rendering the preimplantation embryo refractory to spontaneous apoptotic activity before EGA \[[@bib13],[@bib44]\]. On the other hand, the PGE2 is not stored but rapidly metabolized, as is the rule for locally acting lipid mediators \[[@bib53]\]. Therefore, our investigations using an in vitro model of bovine embryo production provided evidence that transient PGE2 signaling can induce sustainable resistance to apoptosis throughout subsequent cell generations. A recent study using human endometriotic epithelial and stromal cell lines indicates that PGE2 can exert its biological effects through DNA methylation and histone modifications \[[@bib54]\]. Further investigations will be necessary to determine whether underlying epigenetic mechanisms are involved in the lasting prosurvival action of PGE2 on bovine embryos.

As previously reported in other studies \[[@bib11]\], our results of a TUNEL assay and active caspase-3 immunohistochemical staining showed that embryonic cell death was mainly located in the ICM at the blastocyst stage in cattle. In other species, such as pigs or humans, apoptotic cells are evenly distributed throughout the ICM and TE. However, the prognostic significance of the incidence of embryonic apoptosis on developmental potential remains undefined. It is generally acknowledged that cell death is a tightly regulated process that plays a major role in the control of cell populations throughout development \[[@bib55]\]. Therefore, it is plausible to suppose that an altered apoptotic response induced in the embryo by inappropriate PGE2 signaling might impact posthatching development. Using key morphometric parameters that characterize posthatching development in cattle \[[@bib56]\], we have now provided evidence that the level of PGE2 present in the periconceptional microenvironment of the oocyte strongly affects the developmental potential of both the ICM and TE compartments of the blastocyst. By means of grade-I day 7 postfertilization blastocyst transfer and day 15 conceptus collection procedures, we were able to observe that higher proportions of day 15 conceptuses with longer EET and an axial elliptic embryonic disk were recovered when the IVM/IVF culture conditions induced a lower incidence of apoptosis at the blastocyst stage. We further noted that the higher proportions of day 15 conceptuses with shorter EET length and a round embryonic disk were recovered when IVM/IVF cultures were performed under PTGS2 inhibition using 8 μM NS-398, or in other words IVM/IVF conditions inducing a higher incidence of embryonic apoptosis at the blastocyst stage. The restoration of posthatching development similar to that observed in the control group after 1 μM PGE2 supplementation of NS-398-treated IVM/IVF provided evidence that cumulus PTGS2 activity is involved in regulating the posthatching development of bovine embryos, and this effect is mainly mediated by PGE2. In ruminants, EET elongation results from rapid cell proliferation and gives rise to a large area of apposition with the endometrium that constitutes a critical requirement for the success of implantation \[[@bib57]\]. Whether more extended EET at day 15 impacts the time of implantation and/or the outcome of pregnancy still needs to be explored. We and others have previously reported certain morphological features of the embryonic disk at the onset of gastrulation in ruminants \[[@bib5]--[@bib9]\]. Initially round, the dorsal shape of the embryonic disk becomes markedly elliptic as the conceptus becomes longer. Lengthening of the epiblast characterizes the onset of antero-posterior patterning of the embryo, leading to the formation of the primitive streak. The long axis of the elliptic epiblast, which is initially perpendicular to the elongation axis of the conceptus, gradually rotates to become parallel \[[@bib58]\]. The epiblast gives rise to all future intraembryonic tissues and another extra-embryonic one, the mesoderm \[[@bib59]\]. The underlying hypoblast is required for antero-posterior patterning of the epiblast-derived embryo proper \[[@bib56]\]. During this study, we evidenced that the shift from a round to an elliptic dorsal shape was associated with a doubling of the embryonic disk area. Interestingly, we also noted that the area related to each type of embryonic disk morphology remained unaffected by the level of periconceptional PGE2. This finding suggests that the initiation of antero-posterior patterning occurs when a threshold cell population size is reached by the embryonic disk, as shown previously in the mouse embryo \[[@bib60]\]. Taken together, our present findings provide evidence that periconceptional PTGS2-derived PGE2 is involved in controlling the cell population of the preimplantation conceptus, linking the incidence of embryonic apoptosis to the timing of the establishment of antero-posterior polarity and the extent of the elongation process during posthatching development.

To summarize, our previous and present studies have accumulated evidence of a critical physiological role for periconceptional PTGS2-related PGE2 in regulating cell survival and proliferation of the first lineages during preimplantation development. PTGS2-related PGE2 produced by the somatic compartment of the preovulatory follicle some hours before ovulation could represent a key player in the mechanisms that can drive successful early development until the moment of implantation.
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